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CHAPTER I

INTRODUCTION

This report describes the results of an intensive experi-
mental effort directed toward the electrical improvement and size
reduction of slot antennas. The desired slot antenna should possess
a wide bandwidth (4:1) in terms of reasonable VSWR (Voltage Standing
Wave Ratio) and efficiency, exhibit certain pattern properties such
as having the pattern maximum normal to the center of the slot, and
be flush mountable circumferentially on a circular cylinder. Specif-
ically, the final design should be transversely mounted on a seven
inch diameter cylinder, require a cavity depth no more than 1.5 inches,
and possess the characteristics described above over the 4:1 fre-
quency range of 500 to 2000 MHz.

From information obtained in Jasik [1], the T-bar fed cavity
backed slot antenna,* which exhibits considerable bandwidth (2:1)
and high efficiency, was chosen for experimental analysis. Figure
1-1 shows the T-bar slot antenna which is described by Jasik.

In an experimental parametric study of the T-bar slot antenna
conducted at the Ohio State University ElectroScience Laboratory,
E. H. Newman (2] concluded that a T-bar of thin rectangular cross
section exhibits essentially the same input impedance as T-bars of
circular cross section and that the T-bar geometry is an important
factor in determining bandwidth. Therefore, due to the relative
ease of fabrication, the T-bar slot antennas constructed for ex-
perimental investigations each contained thin rectangular cross
section T-bars which will be referred to as planar T-bars. The final
design of the T-bar slot antenna utilizing a planar T-bar is shown
in Fig. 1-2. As described by Jasik, the aperture length is x/2 at
the lowest frequency of the desired bandwidth and the aperture
width is 1/3 that value. In this investigation the cavity depth
and T-bar depth were left variable by providing a moveable coax
connector and a sliding shorting plate. Table 1-1 contains a list
of symbols used to describe the geometry of the T-bar slot antennas.

It was assumed at the beginning of this investigation that once
the significant design parameters were established for the conventional
T-bar slot antenna mounted in a ground plane as shown in Fig. 1-2, then
adaptation of the slot antenna to a cylindrical surface would follow.

*For brevity the T-bar fed cavity backed slot antenna shall be

referred to as the T-bar slot antenna, or simply T-bar antenna.
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Fig. 1-1. A cavity-backed T-bar fed slot antenna mounted on

a flat ground plane as described by Jasik.



TABLE 1-1

Snybol Descriptions and Units of Measuarement Used

a aperture length (12.0 inches)
b aperture width (4.0 inches)
CD cavity depth of antenna (inches)
L length of slot within the T-bar, 7.5 cm unless

noted otherwise (centimeters)
X position of the slot within the T-bar

relative to the bottom of the slot, 4.0 cm
unless noted otherwise (centimeters)

Y distance from the aperture plane to T-bar probe,
0.75 unless noted otherwise (inch)

T-bar 0 the T-bar whose dimensions are described on page 13.
If X or L is not specified T-bar D was used.

b

Fig. 1-2. a) A cavity-backed T-bar fed slot antenna with top
removed for viewing purposes. Note the use of
a planar T-bar.
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FRONT VIEW APERTURE OUTLINE
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I:,-. 1-2. b) Front and side view of the cavity-backed
T-bar fed slot antenna.
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To distinguish between the two applications of the T-bar slot antenna
discussed in this report, the following terminology shall be adhered
to: (1) the T-bar slot antenna mounted in a ground plane as shown in
Fig. 1-2 shall be termed the planar T-bar slot antenna, and (2) the
T-bar slot antenna mounted transversely on a cylindrical surface as
shown in Fig. 1-3 shall be termed the cylindrical T-bar slot antenna.
Whenever the feed probe of the slot antenna of either case is dis-
cussed, the term T-bar shall be used and it is assumed that the T-bars
are of a thin rectangular cross section.

Fig. 1-3. A cavity-backed T-bar fed slot antenna mounted
transversely on a circular cylinder.
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Chapter II of this report describes the investcigation procedures
and results of the planar T-bar slot antenna. The final design
exhibited reasonable performance over the 4:1 frequency -ange and
provided insight into the characteristics of this antenna. In Chapter
III, the design of a T-bar fed slot transversely mounted on a cylinder
is described along with the results of an experimental investigation.
Considering the size of the slot mounted on the cylinder, the design
procedures obtained from the planar T-bar antenna investigation proved
quite successful. Chapter 1V describes an attempt to probe the
apertures of the two T-bar antennas to gain more information per-
taining to the coax to cavity transition accomplished by the T-bar.
Finally, Chapter V contains a summary of the conclusions derived from
this study.

S. . . -.. .. . . - . . .. . . .. . . .6h



CHAPTER II

EXPERIMENTAL INVESTIGATION OF PLANAR T-BAR SLOT ANTENNAS

A. Introduction

This chapter describes the experimental development of the T-bar
fed slot antenna mounted in a flat (or planar) ground plane. The
T-bar feeds used all have a thin rectangular cross section and are,
for brevity, simply referred to as T-bars.

In a previous study of T-bar fed slot antennas, E. H. Newman[2]
has concluded that T-bars of thin rectangular cross section exhibit
essentially the same input impedance as T-bars of circular cross
section and that the T-bar geometry is one of the important parameters
of bandwidth performance. Considering these conclusions, the first
antenna parameter to optimize over the desired four to one bandwidth
would be the T-bar geometry. Newman, in his study, considered band-
width as that frequency range where the VSWR of the antenna remains
below 2.0. However, other important performance parameters such as
efficiency, gain, and radiation patterns (not necessarily independent
of each other) may also be expressed in terms of bandwidth. Investi-
gating each of the performance parameters over a four to one frequency
range, with the optimum T-bar as the final goal, would be a lengthy
process if one considers all possible combinations of the T-bar slot
antenna variables such as cavity depth, T-bar depth, cavity tuning,
and dielectric loading. Therefore, an experimental system which would
sample each of the performance parameters simultaneously as the antenna
parameters were varied and would quickly describe the interrelationship
of the antenna parameters was needed. The antenna swept frequency
insertion loss measurement provided such information. A block diagram
of this experimental procedure is shown in Fig. 2-1. Measuring the
forward or reverse transmission coefficient (S12 or 541) at the
scattering parameters device, the ratio of power received to power
transmitted is obtained as given by Frii's transmission formula
stated below from Reference 3.

Wr Aer Ae GrGt 2

em = r
Wt ; 2 r2  16 2 r2

Wr and Wt are the power received and transmitted, respectively. The
gains Gr and Gt are defined with respect to the receiving and trans-
mitting antennas. Frii's transmission formula is expressed in terms
of wavelength, antenna separation, and gain. If the insertion loss
characteristics are known for two reference antennas, then a comparison
of this data to the insertion loss measurements recorded when one
reference antenna is replaced with a test antenna reveals a relative
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TEST TRANSMITTING
ANTENNA ANTENNA
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Fig. 2-1. A block diagram of the experimental procedure
used to measure the insertion loss between
two antennas.



gain for the test antenna in a given direction. This relative gain
is related to efficiency, directivity, antenna-transmission line
mismatch, and the radiation pattern in a narrow region broadside
to the antenna. Therefore, the insertion loss measurement over a
swept frequency range provides a method to quickly check each of
the important performance parameters previously mentioned while
investigating different combinations of antenna variables. To
complement the insertion loss measurements, the S-parameter device
will also measure the return loss at the antenna port which gives
the VSWR of the antenna. Using the insertion loss and VSWR measure-
ment system, the T-bar geometry was varied in a successful attempt to
optimize the T-bar slot antenna as described below.

B. T-Bar Optimization

One method to expand the bandwidth of a waveguide is the appli-
cation of a single or double ridge. The ridge expands the bandwidth
of a waveguide by decreasing the lower cutoff frequency and in-
creasing the cutoff frequency of the higher order modes.J4) The
T-bar slot antenna (whose cavity exhibits some waveguide character-
istics) was altered as shown in Fig. 2-2 and a ridge of dimensions
4.88 x 5.08 cm, corresponding to a bandwidth of 2.74 for a waveguide of
similar dimensions was installed.[5] Experimental investigation of
the ridged T-bar slot antenna showed an improvement in insertion loss
performance over the nonridged case. During further attempts to improve
the performance of the ridged T-bar slot antenna with different T-bar
geometries and ridge sizes, the best results were obtained when (1)
the ridge was removed, (2) the notch in the T-bar terminated leaving
a rectangular slot in the T-bar, and (3) the peaked feed point of
the T-bar replaced with a gradual slope as shown in Fig. 2-3.

This investigation also showed an eight to twelve dB drop in
insertion loss which occurred at approximately 1500 MHz thus limiting
the bandwidth performance. Investigating another waveguide matching
technique, tuning stubs of various sizes were positioned about in
the cavity while measuring the insertion loss. The spike at
1500 MHz can be effectively reduced using this procedure without
any loss elsewhere in the bandwidth if the stubs are located on the
bottom of the cavity, in the vicinity of the T-bar and therefore
shorter than the distance between the T-bar and cavity bottom.
The best+performance wals achieved when the tuning stubs were
located 1 10 cm from the center of the aperture which corresponds
to a spacing of one wavelength at the troublesome frequency of
1500 MHz. For the remainder of the plafoar T-bar antenna investi-
gations tuning stubs were positioned as described above unless noted
differenty.

9



FRONT VIEW

Fig. 2-2. a) Front view of the original planar
T-bar slot antenna.

FRONT VIEW APERTURE

p,-T

5.08 cm

-- • 1,-- 4.813cm

SIDE VIEW

5.08 cm

APERTURE 
y

RIDGE

Fig. 2-2. b) The planar T-bar slot antenna with single ridge.
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FRONT VI EW APERTURE

-15.2cm 4
Fig. 2-3. The front view of the planar T-bar slot antenna

showing the slotted T-bar which resulted from
the ridge investigation.

Following the discovery of the slot within the T-bar as a
useful tuning aid, the next investigation was to determine what
effect the length, width, shape of such a slot, and its position
in the T-bar has on the overall performance of the antenna. In-
vestigation of the slot length initiated with a small circular
hole in the center of the region where the slot was previously
located in the T-bar. This hole was then lengthened symmetrically
in incremental steps recording the insertion loss after each
increase. Results of this experiment are shown in Fig. 2-4. The
best performance is achieved when the slot length is 7.5 cm which
corresponds to 0.5 wavelength at the highest frequency of the
desired bandwidth and decreases when the length is increased above
7.5 cm. The slot affects only the bandwidth above 1500 MHz and the
insertion loss shows greatest improvement (10 dB above the no slot
case) at 2000 MHz.

After establishing the length of the slot within the T-bar,
the next investigation was to determine the effects of the width
of such a slot. Following the same procedure as before, the width
of a 7.5 cm slot was increased incrementally with no substantial
improvements in previous performance.

The position of the slot was investigated by constructing
T-bars with the bottom of the slot incrementally moved from 1 cm
above the bottom of the T-bar up to 5.0 cm. The insertion loss per-
formance improved in each case to a distance of 4.0 cm. Above
4.0 cm the insertion loss remained essentially the same. Figure 2-5
shows this improvement to a distdnce of 4.0 cm. Note again that this

11
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improvement is confined to the higher end of the bandwidth (above
1500 MHz). This T-bar withi slot length 7.5 cm, slot width 0.8 cm,
and distance from slot to T-bar bottom 4.0 cm shall hereafter be
termed T-bar D. This is the T-bar that is shown in Fig. 1-1.

The remaining questions about the T-bar geometry concern the
shape of such a slot and the actual shape and size of the T-bar.
After an experimental study of the triangular, square, and rectangular
slot shapes, it was concluded that the original narrow rectangular slot
with rounded corners was optimum. Various feed angles and T-bar
widths were also investigated but did not give compatable per-
formance to T-bar D.

C. Air-Filled Cavity Investigations

The next measurements were made to determine the effects of
cavity depth on bandwidth performance. The best VSWR-impedance
bandwidth should occur when the distance from the T-bar probe
feed to the back wall of the cavity is a quarter wavelength at
mid-frequency.[2] Therefore, it is desirable to determine what
trade-offs exist between bandwidth and cavity depth in terms of
insertion loss and VSWR. Using T-bar D, the air filled T-bar slot
antenna was investigated while varying cavity depth from 2.25
inches to 1.25 inches in 0.125 inch steps. The experimental
results (Fig. 2.6) show that from 500 to 1500 MHz the insertion
loss increases as cavity depth is decreased, whereas above 1500
MHz it decreases. The limit of the insertion loss decrease occurs
at a cavity depth of 1.5 inches, but at the lower end of the bandwidth
the insertion loss continues to increase as cavity depth decreases.
This result should be expected since the cavity depth approaches
a quarter wavelength for the upper limit of the bandwidth and
greatly decreases from a quarter wavelength at the lower frequency
as it decreases to 1.5 inches (X/4 for 2000 MHz = 1.47 inches).

The VSWR measurements for the same experiment (Fig. 2-7) indicate
that as cavity depth decreasr.• II V$W!. of the antenna increases
from 500 to 1500 MN', hut 2rxreazs irom 1500 to 2000 MHz until a
cavity depth uT i.5 inches is reached. This agrees with the
insertion loss measurements because the ratio of power transfered
should increase as the VSWR decreases and likewise decrease as the
VSWR increases. This fact is also apparent in the results of the
absolute gain measurements of the T-bar slot antenna shown in Fig. 2-8.
An interesting note in Fig. 2-8 is the decrease in gain at 1500 MHz
when the tuning stubs are removed from the aperture. Far field
analysis shows that the H-plane pattern is reduced in magnitude but
retains the same shape if the tuning stubs are removed.

Therefore, the tradeoffs involved due to cavity depth seem to
balance out since the loss at the low end of the bandwidth is counter-
balanced by an almost equal increase in performance on the high end.

13
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Furthermore, these variations are caused by variations in tue VSWR
(which can be compensated with wide band matching)(2] rather than
efficiency losses, since there are negligible losses in the antenna
structure itself. It is concluded that the cavity depth of the air
filled T-bar slot antenna may be decreased to 1.5 inches with only a
slight decrease in overall performance. Note that while the antenna
is ,/2 wide at 500 MHz, it does not assume a cavity depth of A/4 until
the frequency reaches 2000 MHz.

D. Dielectric Loaded Cavity Investigations

Dielectric loading of the T-bar slot antenna with a low loss
dielectric material should produce similar results to the air case
with the air-filled cavity size reduced by about I/j-fj. Experiments
were conducted to investigate this expectation by varying the cavity
depth and filling the distance between the T-bar and back wall with
1/16 inch thick sheets of polystyrene. Then the experiments were
repeated with the area in front of the T-bar filled with polystyrene.
Theoretically, similar performance (compared to the air-filled 2.125
inch deep cavity) should be attained if the entire cavity is filled
with polystyrene and the cavity depth decreased to 1.33 inches or
if the area directly behind the T-bar is filled with dielectric and
the cavity depth reduced to 1.6 inches. Figure 2-9 contains in-
formation obtained from this investigation for polystyrene material
behind the T-bar. At a cavity depth of 1.25 inches, the insertion
loss at the upper end of the bandwidth approximates that of the
2.125 inch air cavity; however performance is lost on the low end

- ...... .

SI v \ .,.-,.\ ....

.00'0--00 2000

Fig..2.9.Ist ra 1.75sh c
S....... a ¢0 1.25

500 1000" ROEC H 1500 2000

Fig. 2-9. Insertion loss measurements recorded as the cavity depth

was varied with dielectric loading behind the T-bar.
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¶ • of the bandwidth. The spike in inserLion loss has moved from
1500 MHz to 1250 Mllz, presumably due to the fact that the higher
order mode, are excited at a lower frequency in the dielectric.
When the entire cavity was filled with dielectric, the insertion
loss performance was again best at a cavity dcpth of 1.25 inches,
however these results were not as good as the case where pQlystyrene
was behind the T-bar only. Therefore, when dielectric loading is
discussed elsewhere in this report, it should be assumed that
all the dielectric is behind the T-bar unless stated otherwise.

Comparing the data obtained with dielectric material behind the
T-bar with data obtained for equal air-filled cavity depths (Figs.
2-6 and 2-9), indicates that the air-filled cavity is superior until
a cavity depth of 1.5 inches is reached. At a cavity depth of 1.5
inches and below the information obtained must be explained in terms
of tradeoffs. Cavity depths 1.25, and 1.5 inches possess better in-
sertion loss performance, when dielectric loaded behind the T-bar, up
to a frequency of 1600 MHz with the exception of the spike occurrinj
at 1250 MHz. It is assumed from previous experience that the
spike may be tuned out by repositioning the tuning stubs. How-
ever, above 1600 MHz insertion loss performance decreases rapidly
for the dielectric loaded antenna. Therefore, for a shorter band-
width, the performance is improved with the addition of dielectric
materials behind the T-bar. But, if a 4:1 bandwidth is required, the
better of the two cases would be the air-filled cavity.

Recall that the effect of the slot within the T-bar is to
improve the insertion loss at the high end of the band, then a
logical question would be, is the slot within the T-bar the
optimum length for a dielectric loaded antenna? The slot length
within the T-bar for a cavity depth of 1.5 inches and 0.75 inches of
polystyrene behind the T-bar was investigated with the same
procedure as the air case. The results of this experiment
incicate that the optimum length for the slot with a dielectrically
loaded cavity is 7.6 cm which is approximately the same as before.

Continuing the dielectric experiments, only the region in
front of the T-bar was filled with polystyrene and the cavity
depth was reduced to 1.25 inches from 1.5 inches. Comparing these
results (Fir 2-10) to th previous dielectric experiments (Fig. 2-9),
the case with tuning stubs is in agreement with the previous case of
comparable cavity depth and slight improvements in the spike region
and higher end of the bandwidth are noted. There responses are
similar on the low end and improved on the high end and spike
recion (when compared to Fig. 2-9). Comparing these results to the
air case of comparable cavity depth shown in Fig. 2-6 does not show
an improvement over the air-filled case. Since most slot antennas
are covered with radome material (low loss dielectric) the information
obtained is of some value. The comparison shows that the insertion
loss performance gained on the low end of the bandwidth (-' 2 to
3 dB) is approximately matched to that lost on the high end. So,

17



covering the T-bar slot with a dielectric radome should not greatly
degrade the performance.

To complete the investigation of dielectric loading, the VSWR
of the antenna with polystyrene behind the T-bar was investigated.
The results of this experiment at cavity depths 2.0 and 1.5 inches
compared to previous air-filled cases are shown in Fig. 2-11. The
dielectric loading changes the VSWR bandwidth at a cavity depth
of 2.0 inches, however at 1.5 and 1.25 inches the VSWR seems to
be only shifted in frequency. The peak in VSWR also occurring at 15B0
MHz for the air case is shifted to approximately 1250 MHz for the
same reasons as stated before.

E. Far Field Analysis

At cavity depths of 1.5 and 1.25 inches the normalized far field
patterns (H-plane) were recorded with and without dielectric loading
behind the T-bar. The far field patterns are broadband until 1500
MHz where lobing occurs for the air-filled cavity. This result
should be expected since the aperture is 1.5 wavelengths long at
1500 MHz, and thus the TE30 mode is excited. With dielectric
loading behind the T-bar, the antenna exhibits a less broad
pattern and lobing occurs at a lower frequency (1300 MHz). The
TE30 mode is excited at a lower frequency with the addition of
dielectric, thus causing the lobing to occur at 1300 MHz.

The general shape of the patterns was unchanged with various
cavity depths for the air case. However measured power levels
decreased with cavity depth as predicted by the insertion loss
measurements. Normalized patterns are shown in Figs. 2-12 and 2-13.

F. Resistive Tuning Techniques

It is desirable that the T-bar slot antenna exhibit a broad
beam pattern over the entire specified bandwidth. To accomplish
this goal, the antenna's electrical length must remain less than
three-halves wavelength over the entire bandwidth or else the higher
order modes must be suppressed. Choosing the latter method to
extend the pattern bandwidth, resistive tuning techniques were
applied to the aperture. Resistive tuning stubs were constructed
from narrow 20 ohm resistance cards to fit the width of the aperture.
With a cavity lepth of 1.5 inches and polystyrene dielectric behind
the T-bar, the resistive tuning stub positions were varied in
the aperture while measuring the insertion loss. Comparing the
results to the dielectric case in Fig. 2-14 it is seen that the in-
sertion loss was increased over most of the bandwidth by approximately
5 dB and that it slightly decreased above 1700 MHz, presumably, due
to pattern improvement at the higher frequencies. Since resistance
has been introduced into the aperture, the possibility of decreasing
antenna efficiency exists.

18
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